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Patients with chronic myeloid leukemia harbor the
chromosomal translocation t(9;22), which corre-
sponds to fusion of the BCR and ABL genes at the DNA
level. The translated fusion product is an oncogenic
protein with increased ABL tyrosine kinase activity
causing cell transformation. To date, reverse tran-
scriptase-polymerase chain reaction is considered the
most sensitive method available for detecting low
copy numbers of the BCR-ABL gene fusion. Recently,
Cepheid introduced its GeneXpert-based assay for the
identification of the BCR-ABL gene fusion in cells
from blood samples. This system comprises a walk-
away self-contained instrument that combines car-
tridge-based microfluidic sample preparation with re-
verse transcriptase-polymerase chain reaction-based
fluorescent signal detection and BCR-ABL and ABL Ct
(threshold cycle) determination. The difference be-
tween the BCR-ABL Ct and ABL Ct (�Ct) is expected to
represent the ratio of the two populations of mRNAs
and ultimately the percentage of neoplastic cells
present. We tested whether this BCR-ABL fusion de-
tection system could be used as a clinical diagnostic tool
for monitoring patients with minimal residual disease
of chronic myelogenous leukemia. We report similar
performance characteristics, including limit of detec-
tion, specificity, sensitivity, and precision, of this
automated BCR-ABL fusion detection system to those
of a manual TaqMan reverse transcriptase-polymerase
chain reaction-based test. (J Mol Diagn 2007, 9:220–227;
DOI: 10.2353/jmoldx.2007.060112)

Patients with chronic myeloid leukemia (CML) invariably
harbor a chromosomal translocation that corresponds to
fusion of the BCR and ABL genes at the DNA level. The
translated fusion product is an oncogenic protein with
increased ABL tyrosine kinase activity causing neoplastic
transformation. Discovery of this molecular pathway has
resulted in more accurate diagnosis, the advent of tar-
geted drug therapy with imatinib mesylate (Gleevec),1

and, most recently, the application of molecular method-

ologies for post-therapy follow-up for the presence of
minimal residual disease. Minimal residual disease is
generally defined as persistence of low numbers of neo-
plastic cells despite the absence of histological evidence
and clinical signs and/or symptoms of the disease.2

There are many laboratory techniques available to detect
and quantify minimal residual disease, including stan-
dard cytogenetics, fluorescence in situ hybridization, and
polymerase chain reaction (PCR)-based detection of re-
sidual malignant cells.3

Classic cytogenetics (chromosome G-banding) is still
considered essential to establish a new diagnosis of
CML. In addition to its high specificity in detecting the
presence of the t(9;22) translocation, this technique pro-
vides the benefit of uncovering other chromosomal ab-
normalities, thus allowing for more reliable prognostica-
tion. Generally, the utility of chromosome banding for
monitoring minimal residual disease is limited by the
need for satisfactory cell culture for visualization of the
metaphases.4 Furthermore, the relatively low number of
cells examined (usually 20 metaphases) results in sensi-
tivities similar to those of the routine histological exami-
nation of the bone marrow for the presence of leukemic
cells (5%).5 Sensitivity can theoretically be increased by
about 10-fold (to 0.5% leukemia cell content detection)
by using fluorescence in situ hybridization and examining
200 white blood cells (WBCs); however, the practical
sensitivity of interphase fluorescence in situ hybridization
is only about 1%.6

To date, reverse transcription-polymerase chain reaction
(RT-PCR) is considered the most sensitive technique avail-
able for detecting low copy numbers of the BCR-ABL gene
fusion, and the combination of RT-PCR with real-time fluo-
rescence detection allows for reliable quantitation of the
fusion mRNA. The reported sensitivity for the RT-PCR
method varies, but it is estimated at one leukemia cell out of
105 to 106 normal white blood cells.7 There are several
“home-brew” and commercially available RT-PCR-based
BCR-ABL detection methodologies used by molecular di-
agnostic laboratories, each requiring internal validation for
the specific laboratory and giving rise to laboratory-specific
data. Despite some earlier standardization efforts,8,9 the
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apparent lack of consensus on standardization makes in-
terlaboratory correlation of data difficult.

Monitoring of minimal residual disease in CML using
RT-PCR-based molecular techniques confers the ability
to assess initial response in patients undergoing drug
therapy or after bone marrow transplantation. It also can
alert physicians of potential relapses even in cases with
complete cytogenetic remission. This information is in-
valuable to adjust treatment plans and bears important
prognostic significance.10,11 Moreover, it has recently
been established that the degree of molecular response
at the time of or after achieving complete cytogenetic
remission is an independent prognostic factor for pro-
gression-free survival.12

Cepheid recently introduced its GeneXpert-based as-
say for the identification of leukemia cells harboring the
BCR-ABL gene fusion from blood samples. This self-
contained automated instrument integrates microfluidic
sample preparation with RT-PCR-based, real-time fluo-
rescent signal detection.13 Virtually all of the reagents
used for both the RNA preparation and the subsequent
RT-PCR and PCR steps are lyophilized into a disposable
multichambered cartridge, potentially decreasing both
reagent- and pipette-related bias. The sample is trans-
ferred through the chambers during the extraction pro-
cess by the pumping action of a central piston; subse-
quently, the purified RNA reaches the detection chamber
where the reverse transcription, the multiplexed amplifi-
cation steps, and the fluorescent signal detection take
place. The difference in the measured BCR-ABL and ABL
Ct (threshold cycle) is calculated by the instrument’s
software and interpreted as positive, negative, or invalid.
This difference between the BCR-ABL Ct and ABL Ct
(�Ct) is expected to represent the ratio of the two popu-
lations of mRNAs and ultimately the fraction of neoplastic
cells present.

We tested whether this new BCR-ABL fusion detection
system could be an alternative to current clinical diag-
nostic tools for monitoring CML patients for minimal re-
sidual disease. We have compared patient test results
obtained with this new cartridge-based system and with
our clinical analyte specific reagent (ASR) test to define
specificity, sensitivity, and correlation between the two
methods using standard curves based on plasmid DNA
standards. We have also compared additional perfor-
mance characteristics, including limit of detection and
precision for the two systems using normal blood sam-
ples spiked with either K562 cells or BCR-ABL Armored
RNA.

Materials and Methods

The Johns Hopkins Medicine Institutional Review Board
approved this study. We tested 53 patient peripheral
blood samples by both methods. The negative control
group included 13 blood samples. These were obtained
from five healthy bone marrow donors and eight patients
with hematological disorders unrelated to BCR-ABL gene
fusion (two with acute lymphoblastic leukemia, two with
Hodgkin lymphoma, one with acute myelogenous leuke-

mia, one with mucosa-associated lymphoid tissue lym-
phoma, one with multiple myeloma, and one with follicular
lymphoma). The remaining 40 clinical samples received
for the clinical ASR BCR-ABL testing belonged to 39
patients with an established diagnosis of CML and one
patient with Philadelphia chromosome-positive acute
lymphoblastic leukemia.

Fresh blood samples, donated by a healthy volunteer,
were confirmed as negative for BCR-ABL fusion by both
assays and were used as matrix for the spiking experi-
ments. Automated white blood cell counts were obtained
for all three venipuncture samples [mean WBCs � 6.39
(�0.22) � 1000/�l]. GeneXpert runs, as well as the RNA
isolation protocol for the reference assay, were always
performed within 24 hours from the time of venipuncture,
the blood samples were kept refrigerated, and the RNA
samples were stored at �80°C to minimize the possibility
of RNA degradation.

All samples were tested in duplicate using both the
cartridge-based system and the clinical ASR assay. Sam-
ples with ambiguous results on the cartridge-based tests
(positive-negative, invalid-positive, invalid-negative)
were subjected to a third run, and the consensus result
was used.

GeneXpert cartridges and reagent solutions (protein-
ase K, lysis buffer, wash buffers 1, 2, and 3) as pre-
packed kits and in bulk were provided by Cepheid
(Sunnyvale, CA). The M-BCR FusionQuant kit and the
ABL and BCR-ABL plasmid standards (FusionQuant
Standard) were purchased from Ipsogen (Marseille,
France). The b2a2 Armored RNA standards were gener-
ously provided by Ambion (Austin, TX).

K562 cells (ATCC) were grown in Iscove’s Dulbecco’s
modified medium containing 10% fetal calf serum and 1.5
g/l L-glutamine (Gibco BRL, Gaithersburg, MD) at 37°C,
5% CO2 atmosphere. The K562 cells were harvested by
centrifugation (5000 rpm for 5 minutes) at room temper-
ature and resuspended in ice-cold phosphate-buffered
saline. Automated cell counts were obtained for both the
K562 cells and the blood samples, and aliquots contain-
ing K562 cells were mixed into 2400 �l of fresh blood.
Three 200-�l aliquots were taken for the GeneXpert as-
says, and the remaining blood was subjected to the RNA
purification protocol for the FusionQuant assay. For the
lowest K562 cell number samples, the 200-�l blood ali-
quots were individually spiked with five or 12 K562 cells
to ensure even distribution of the neoplastic cells. On the
high neoplastic cell number end of the experiment, we
substituted parts of the 200-�l volume of normal blood
with phosphate-buffered saline. This ensured that in the
samples spiked with 120,000 and 1,200,000 K562 cells,
the overall WBC number remained constant, and failed
runs could be avoided. For example, we have noted that
at very high white blood cell counts (eg, 200-�l samples
with over 190,000 WBC counts) repeated runs resulted in
error messages, whereas 10-fold dilution of these sam-
ples with phosphate-buffered saline led to valid runs.
Likewise, fresh blood was spiked with aliquots of Ar-
mored BCR-ABL RNA (b2a2). The GeneXpert assays
were run according to the manufacturer’s protocol.
Briefly, 200 �l of whole blood was mixed with 40 �l of
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proteinase K and incubated at room temperature for 1
minute. Subsequently, 1000 �l of lysis buffer was added,
mixed by vortexing for 10 seconds, and incubated at
room temperature for 10 minutes. One thousand microli-
ters of 100% ethanol was added, mixed by vortexing for
10 seconds, and loaded into the cartridges.

The FusionQuant Kit (FQPP-10 M-BCR) clinical ASR
assay was run according to our standard laboratory pro-
tocol. The kit contained a primer/probe mix and stan-
dards for the BCR-ABL fusion. A primer/probe mix and
standards for ABL were used as control. Briefly, total RNA
was extracted from 1.5- to 3-ml volumes of the peripheral
blood samples using the QIAamp RNA Blood Mini Kit
(Qiagen, Valencia, CA). A final volume of 25 �l of reaction
mix containing QuantiTect Probe RT-PCR Master mix,
primer/probe mix, and QuantiTect RT mix and 300 ng of
RNA was distributed in 96-well plates. The plates were
loaded and run on a TaqMan 7900 real-time thermal
cycler (Applied BioSystems, Foster City, CA). For each
run, BCR-ABL and ABL plasmid DNA-based standard
curves were generated, and actual copy numbers were
determined for both the BCR-ABL fusion gene and the
ABL gene. The ratio of the two populations was reported
as [BCR-ABL copies/1000 ABL copies] unless noted oth-
erwise. The data were analyzed and graphed using Mi-
crosoft Excel (Microsoft, Redmond, WA) and MedCalc
(MedCalc Software, Mariakerke, Belgium) software.

Results

Relationship between BCR-ABL and ABL
Plasmid Copy Numbers and Cycle Threshold
(Ct) Values

To compare directly the performance characteristics of
the novel cartridge-based system to those of our clinical
ASR assay, we established standard curves for both
methods using the same serially diluted plasmid DNA
standards. The clinical ASR assay determines BCR-ABL
and ABL copy numbers for a given sample separately by
using equations obtained from Ct versus ABL copy num-
ber and Ct versus BCR-ABL copy number standard
curves, respectively (Figure 1, A and B, solid lines). The
ratio of [BCR-ABL copies]/[1000 ABL copies] is reported
for clinical purposes. To directly compare the two sys-
tems, we generated standard curves for the cartridge-
based assay (Figure 1, A and B, dashed lines). The
GeneXpert cartridges contain primer pairs and probes
that would simultaneously detect the BCR-ABL fusion
sequence and the spliced a2-a3 ABL gene region of a
fusion product within the same reaction.14 This design
produces an in-tube control to compare the efficacy of
the BCR-ABL fusion region detection and the detection of
the ABL gene portion of the same BCR-ABL FusionQuant
plasmid standard. Regression analysis showed that the
regions were amplified with similar efficiency, showing a
slope of 1.018 and y intercept of 0.0685 (R2 � 0.9961) for
the plot (Figure 1D). Regression analysis comparing the
average Ct values obtained for each FusionQuant plas-
mid concentration (BCR-ABL and ABL copy numbers) by

both the cartridge-based and the clinical ASR assays
showed a linear relationship between performances of
the two methods over the studied copy number ranges
with coefficients of determination greater than 0.99
(Figure 1C).

Determination of Linear Range and Limit of
Detection for the GeneXpert Assay Using K562
Cell Spiked Blood Samples

The K562 cell line was originally cultured from the pleural
effusion of a patient with terminal blast crisis of CML and
harbors a b3a2 type BCR-ABL fusion product.15 To de-
termine the relationship between neoplastic cell number
and �Ct (BCR-ABL Ct � ABL Ct) in an environment most
similar to clinical samples, we spiked different numbers
of K562 cells into normal blood as described in Materials
and Methods. Two hundred-microliter aliquots of these
samples were run on the cartridge-based system in du-
plicates or triplicates in two separate experiments. The
data were combined, and �Ct values calculated and
plotted against K562 cell numbers (Figure 2A, dia-
monds). At the lowest dilution (five K562 cells/200 �l of
blood) only one of three replicate runs yielded a positive
result. To determine the limit of detection, 21 samples
(200 �l of blood spiked with 12 K562 cells/each sample)
were tested with the cartridge-based system within 24
hours of venipuncture. Twenty samples tested positive,
and one sample tested negative, establishing the limit of
detection for this assay at the level of 12 cells/200 �l of
blood (12 K562 cells/1.2 million WBCs) with a 95.2%
confidence. At extreme K562 cell numbers (120,000 and
1,200,000), duplicate runs showed high precision, but
the �Ct values appeared to be skewed (1.7 � 0.14 and
1 � 0, respectively), because a positive control run of
K562 cells only (without normal blood matrix) resulted in
a �Ct value of 1.5, representing the highest possible
BCR-ABL to ABL ratio (and lowest possible �Ct value) for
any mixture of K562 cells and normal WBCs. The �Ct
values in the range of 12 to 12,000 K562 cells/200 �l of
blood showed linearity on a semilogarithmic scale with a
good fit (R2 � 0.9918) (Figure 2B, dashed line).

The same K562 cell-spiked samples were processed
for the clinical assay performed with the reference BCR-
ABL fusion detection kit. Although we calculated and
plotted �Ct values for each spiked sample (Figure 2A,
squares), the Ct values for BCR-ABL and ABL were mea-
sured in independent reactions so that �Ct values ob-
tained by the clinical ASR test exhibit a potential systemic
error absent from the GeneXpert system. This may have
contributed to the presence of two outliers (at five and 50
K562 cells) and the calculated negative �Ct values at
high K562 cell numbers. The results obtained by both
methods were expressed as the ratio of BCR-ABL fusion
mRNA copy number and ABL mRNA copy number (BCR-
ABL copies/10,000 ABL copies) and were correlated
(Figure 2C). Regression analysis suggested similar per-
formance of the two assays (y � 1.2756 � 0.9862x, R2 �
0.9642, r � 0.9819, P � 0.0001 calculated with the omis-
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sion of the FusionQuant assay-related outlier at 50 K562
cell number).

Determination of Precision for the GeneXpert
System and the Clinical ASR Assay

To determine the coefficient of variation (CV) value for the
GeneXpert system, we ran eight 200-�l samples of fresh
normal blood containing 5000 copies of Armored RNA
(b2a2 fusion) each. The resulting Ct values were used to
calculate BCR-ABL and ABL copy numbers using the
respective equations established for the plasmid-based
standard curves. The replicate copy number values were
averaged and the ratios of BCR-ABL copy numbers to
ABL copy numbers were calculated and recorded in the
[BCR-ABL/1000 ABL] form. The CV value for the refer-
ence assay was similarly calculated using the ratios of

[BCR-ABL copy numbers] and [1000 ABL copy num-
bers], obtained for the same aliquot of a positive control
RNA sample assayed 16 times. The resulting CV values
were similar for the two assays (40.2 and 42.5%,
respectively).

Sensitivity, Specificity, and Correlation between
the GeneXpert and the FusionQuant Assays
Based on Analysis of Clinical Samples

We tested 53 patient peripheral blood samples by both
the reference clinical ASR and the GeneXpert methods.
The negative control patient group included five healthy
bone marrow donors, two patients with acute lympho-
blastic leukemia, two with Hodgkin’s lymphoma, one with
acute myelogenous leukemia, one with mucosa-associ-

Figure 1. FusionQuant plasmid copy number-based standard curves. A and B: Relationship of average Ct values to FusionQuant Standard plasmid copy numbers
obtained by the GeneXpert (dashed line) and clinical ASR (solid line) methods. C: Correlation between the GeneXpert and the clinical ASR assays using average
Ct values obtained for ABL (solid line) and BCR-ABL (dashed line) FusionQuant plasmid standards. D: Comparison of the efficiencies of the BCR-ABL and ABL
reactions within the same GeneXpert multiplex PCR assays. For the GeneXpert method, each data point represents the average of three independent runs (except
for the 10-copy data point shown on graph B, where two positive and three invalid results were obtained out of five runs). For the reference method, each data
point represents the average of two independent assays as described in our standard operating protocol for the clinical assay.
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ated lymphoid tissue lymphoma, one with multiple my-
eloma, and one with follicular lymphoma. The remaining
40 clinical samples were obtained from patients with
established diagnoses of CML (39 patients) or Philadel-
phia chromosome-positive acute lymphoblastic leukemia
(one patient).

All 13 negative control samples tested negative by
both methods (100% specificity for both methods), and
an additional six clinical samples proved negative by the
clinical ASR assay but only five of those by the cartridge-
based method, resulting in an overall specificity of 94.7%
for the latter method as compared with the reference ASR
assay. (Note: The “false-positive” result was obtained
from two positive runs with BCR-ABL Ct values of 30.5
and 29.8 and one negative run with no BCR-ABL signal.)

Thirty-four clinical samples tested positive with our
clinical ASR kit. Thirty-one of those were also detected as
positive by the cartridge-based assay (91.2% sensitivity).
Deming regression analysis16 of the positive values ob-
tained by both methods confirmed a linear relationship
between the two datasets generated by the clinical ASR
assay and the GeneXpert method, respectively, and in-
dicated constant bias (Y � 0.1756 � 0.9995X) (Figure
3A). A Bland-Altman difference plot17 was also gener-
ated for these datasets, and the distribution of data was
consistent with a classic percent difference plot indicat-
ing systematic error only (Figure 3B).

Discussion

The prognostic importance of molecular diagnostic mon-
itoring of CML patients is now well established.10–12,18–20

Quantitative real-time reverse transcription-PCR (qRT-
PCR) is the most sensitive method available to detect low
copy numbers of the BCR-ABL fusion products.7 The
currently used qRT-PCR procedures are highly complex,
laborious and, despite some standardization efforts,8,9

often produce clinical results reportable in different for-
mats for each assay.

Recently, Cepheid adapted its proprietary cartridge-
based automated real-time RT-PCR system for the detec-
tion of the BCR-ABL fusion mRNA. We compared this
cartridge-based automated system to determine whether
it could be a useful alternative to our current clinical ASR
assay for monitoring patients with minimal residual dis-
ease of chronic phase CML. Standard curves were gen-
erated for both systems using the FusionQuant (M-BCR
kit; Ipsogen) plasmid sets, showing linear relationships
between copy numbers and BCR-ABL Ct or ABL Ct on
semilogarithmic scales. The equations defining these
standard curves were later used to calculate absolute
BCR-ABL and ABL copy numbers for direct comparison
of the two assays. These standard curve experiments
established that the Ct values obtained by the GeneXpert
measurements reliably (similar equations for both BCR-
ABL and ABL standards) and highly correlated (R2 values
over 0.99) with those obtained by the reference assay
(Figure 1). It should be noted that the manufacturer pro-
vides a lot-specific efficiency value (E�Ct) to translate �Ct
to relative copy number for each lot of cartridges.14 Using

Figure 2. K562 cell number-based standard curves. A: Relationship between
K562 cell numbers and calculated �Ct values obtained by the two assays.
For the GeneXpert assay (diamonds and dashed line), each data point
represents the average of two to four independent runs obtained in two
separate experiments except for the lowest K562 cell number,5 which
represents the single positive result out of three valid runs. For the
FusionQuant assay (squares and solid line), each data point represents
the average of two independent runs obtained from two separate exper-
iments except for K562 cell numbers 5, 50, 500, and 5000, where only
single measurements were possible due to limited samples. B: Linear
regression plots of the calculated �Ct values within 12 to 12,000 K562 cell
number range for the GeneXpert (dashed line) and FusionQuant (solid
line) assays. The outlier at 50 K562 cell number was omitted for the
FusionQuant assay plot. C: Linear regression plot for comparison of
the GeneXpert and the clinical ASR methods. One outlier related to the
FusionQuant assay was omitted.
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this number one can calculate the BCR-ABL/ABL ratio
without resorting to creation of a dilution curve.

K562 cell spiking experiments determined that the limit
of detection for the GeneXpert system was 12 neoplastic
cells (95.2% confidence) corresponding to the detection
of one leukemic cell out of 105 white blood cells. This
resolution is very similar to those reported for other RT-
PCR-based clinical assays.7,12 The cartridge-based as-
say showed a linear relationship between �Ct (BCR-ABL
Ct � ABL Ct) over three logs (between 12 and 12,000
K562 cells/1.2 � 106 WBCs). Importantly, detecting and
quantifying neoplastic cells in this range is essential for
monitoring minimal residual disease.12 Interestingly, the
clinical ASR kit results for the same samples showed
larger bias, presumably due to the physically separate
reactions for BCR-ABL and ABL detection. Still, the over-
all comparison of the �Ct versus K562 cell number plots

for the two systems showed similar slopes and regression
analysis indicating a linear relationship between data
expressed as relative copy numbers for the two systems
(Figure 2). The apparently lower degree of correlation for
this spiking experiment as compared with correlation
seen in Figure 1 can be explained by the larger biases
seen with both assays for more complex biological sam-
ples and the logarithmic calculations involved in getting
the results in the [BCR-ABL copies/1000 ABL copies]
form. At higher K562 cell numbers (120,000 and
1,200,000, respectively), the results appeared to be dis-
torted with similar or even lower �Ct values as compared
with the �Ct obtained by testing of K562 cells only (with-
out normal blood matrix), representing the highest pos-
sible BCR-ABL to ABL ratio (and lowest possible �Ct
value) for any mixture of K562 cells and normal WBCs.
Goldman predicted this phenomenon, attributable to the
high proportion of ABL detected from within the BCR-ABL
fusion product itself, for similar primer-pair designs.7 De-
spite this potential drawback, the use of ABL as the
control gene is supported by data showing the least
variation of expression between normal and leukemic
samples as compared with the larger expression differ-
ences seen for �-glucuronidase and �-2-microglobulin
genes.21 Furthermore, it is highly unlikely to influence
significantly the relative quantitation of the fusion prod-
ucts at the low copy numbers seen with minimal residual
disease. More recent studies, however, suggest that
�-glucuronidase might be a more reliable internal control
for BCR/ABL quantitation.22,23

The GeneXpert system employs four discrete PCR/
fluorescence detection bays. In addition, each cartridge
serves as a separate device for RNA purification and
contains mixtures for complex PCR reactions. For these
reasons, each run can be considered completely inde-
pendent from any other, most similar to runs in day-to-day
variation studies conducted for clinical chemistry assays.
Comparison of CV values obtained for the two systems
showed remarkable similarity (FusionQuant 42.5% and
GeneXpert 40.2%), despite the fact that the cartridge-
based assay used a less pure substrate (spiked whole
blood versus purified RNA in the clinical ASR assay), with
potential bias originating from the RNA purification cycles
and the variability inherent in each cartridge and each
bay of the automated instrument serving as a distinct
PCR machine and fluorescence detector. These CV val-
ues were based on calculated relative ratios for both
systems and represented significantly higher variance
compared with those calculated from primary Ct data
(ABL Ct CVs of 5.2 and 3.5% and BCR-ABL Ct CVs of 4.7
and 3.9% for the GeneXpert and FusionQuant methods,
respectively). We did not see any difference between
cartridges of the two different lots available to us for this
study. This finding is in agreement with the experience
from a large precision study.14 The GeneXpert system
showed high sensitivity (91.2%) and specificity (95%) as
compared with the clinical ASR reference method, based
on the simplified result reporting (positive, negative, or
invalid) of the system software. The few false-negative
samples either yielded no BCR-ABL signal (BCR-ABL
Ct � 0) or were interpreted as negative by the software

Figure 3. Comparison of the GeneXpert and the reference assay for the
quantification of relative ratios of BCR-ABL and ABL gene products from
clinical samples. A: Deming regression plot. The solid line corresponds to the
regression line and the dashed line represents the identity line. B: Bland-
Altman percent difference plot.
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due to the preset threshold (BCR-ABL Ct must be less
than or equal to 3214). Further studies may be needed to
fine tune criteria for reporting results as negative. The
corresponding clinical ASR assay results for these false
negatives invariably fell below 0.05 BCR-ABL copies/
1000 ABL copies, which is considered the limit of detec-
tion for this assay in our laboratory. A Bland-Altman per-
cent difference plot showed only systematic bias,
indicating that the two systems would be interchangeable
assuming that the differences within the mean � 1.96 SD
limits are clinically acceptable.

The GeneXpert system has the obvious advantage of
near full automation over conventional commercial or
home-brew BCR-ABL assays. The hands-on assay setup
time is less than 30 minutes, including 10 minutes’ incu-
bation time (for one to four assays), and the total test time
is about 2.5 hours. The lack of need for batch processing
(random access) confers the ability for on-demand test-
ing. Another benefit of the system is that most of the
chemistries used for both the RNA preparation and the
subsequent RT-PCR and PCR steps are lyophilized into
the disposable multichambered cartridge, potentially de-
creasing both reagent-related and human errors. The
machine has a simplified interface, reporting results as
positive, negative, or invalid but also collects and stores
Ct values (BCR-ABL Ct and ABL Ct), rendering it suitable
for more detailed quantitative analysis of the data.

We have established the limit of detection as one K562
cell detected out of 105 WBCs for the GeneXpert assay.
This means that any samples with more than 500
WBCs/�l should be detectable as positive if containing
neoplastic cells at or above the 1:105 ratio. Samples with
lower than 500/�l WBC counts should not be applied
without some preparations to increase WBC concentra-
tion. Despite this potential shortcoming of the GeneXpert
system, we did not find significant differences in the
sensitivity of the two methods using the clinical samples
(probably because all of the 54 samples examined had
WBC counts above 500). Although the FusionQuant sys-
tem uses 1.5- to 3-ml blood samples to start with, the
input of total RNA into the RT-PCR reaction is optimized
around 300 ng. Our total RNA purification method yields
approximately 3.8 pg of RNA/K562 cell. The 300 ng of
total RNA would thus represent around 80,000 cells in our
clinical ASR assay assuming that the total RNA content is
similar in K562 cells and in normal WBCs. This would
allow for a detection limit of approximately one neoplastic
cell in nearly 105 cells. Increasing the starting blood
volume does not necessarily increase sensitivity in the
clinical ASR either. On the other hand, the detection limit
of one neoplastic cell out of 105 WBCs achieved by the
GeneXpert assay corresponds to the above value as well
as to the limits of detection reported for other meth-
ods.7,12 In addition, the question of the clinical signifi-
cance of the least detectable amount of BCR/ABL fusion
is still not resolved. At the same time, we think that the
GeneXpert system in its current form cannot completely
replace other conventional methods (like FusionQuant),
and those patients with negative GeneXpert results could
benefit from reflex testing with FusionQuant or other es-
tablished methods. The availability of a parallel method is

also required by the lack of minor breakpoint BCR/ABL
detection capability of the GeneXpert system.

By providing faster turnaround times, requiring less
hands-on time, fewer technical skills, and offering the
possibility of more convenient cross-laboratory standard-
ization, this assay system could provide benefits over
currently used home-brew or commercial BCR-ABL fu-
sion detection methods. Among the limitations of this
cartridge-based assay are that only major breakpoint
chemistries are available at this point, and there may be
a drop in sensitivity at extremely low copy numbers.
Running negative samples in replicate may enhance sen-
sitivity. In summary, our experiments indicate that the
GeneXpert BCR-ABL assay has similar overall perfor-
mance characteristics to those of the FusionQuant kit-
based ASR clinical assay.
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